Vasovagal responses (VVRs) are characterized by transient drops in blood pressure (BP) and heart rate (HR) and increased amplitude of low-frequency oscillations in the Mayer wave frequency range. Typical VVRs were induced in anesthetized, male, Long-Evans rats by sinusoidal galvanic vestibular stimulation (sGVS). VVRs were also produced by single sinusoids that transiently increased BP and HR, by 70 -90°nose-up tilts, and by 60°tilts of the gravitoinertial acceleration vector using translation while rotating (TWR). The average power of the BP signal in the Mayer wave range increased substantially when tilts were >70°(0.91 g), i.e., when linear accelerations in the x-z plane were >0.9 -1.0 g. The standard deviations of the wavelet-filtered BP signals during tilt and TWR overlaid when they were normalized to 1 g. Thus, the amplitudes of the Mayer waves coded the magnitude of the linear acceleration >1 g acting on the head and body, and the average power in this frequency range was associated with the generation of VVRs. These data show that VVRs are a natural outcome of stimulation of the vestibulosympathetic reflex and are not a disease. The results also demonstrate the usefulness of the rat as a small animal model for studying human VVRs.-Cohen, B., Martinelli, G. P., Raphan, T., Schaffner, A., Xiang, Y., Holstein, G. R., Yakushin, S. B. The vasovagal response of the rat: its relation to the vestibulosympathetic reflex and to Mayer waves. FASEB J. 27, 2564 -2572 (2013). www.fasebj.org Key Words: blood pressure ⅐ heart rate ⅐ sinusoidal galvanic vestibular stimulation ⅐ linear acceleration ⅐ faints ⅐ otolith system Neurogenically mediated vasovagal responses (VVRs) in humans are characterized by a sudden drop in arterial blood pressure (BP) and a decrease in heart rate (HR), often followed by a faint, i.e., by vasovagal syncope (VVS) (1). Despite being relatively common (2-4), the origin and neural basis of VVRs are not known (5-7), and there have been no small animal models in which to investigate the central neural mechanisms that produce the VVR (8). Since there are no physical signs of neurogenically mediated VVR or VVS, diagnosis is usually based on history and a tilt test, in which subjects are passively tilted from a supine position to Ϸ20°from the spatial vertical (to a 70°position) on the tilt table and maintained in that orientation for 10 -15 min. Drops in BP and HR during this period presage a faint and confirm the diagnosis of VVS. The passive tilt continuously activates the vestibular otolith organs, the saccule and utricle, as well as body tilt receptors (8, 9), which initiate a VVR in susceptible individuals.
Neurogenically mediated vasovagal responses (VVRs) in humans are characterized by a sudden drop in arterial blood pressure (BP) and a decrease in heart rate (HR), often followed by a faint, i.e., by vasovagal syncope (VVS) (1) . Despite being relatively common (2) (3) (4) , the origin and neural basis of VVRs are not known (5-7), and there have been no small animal models in which to investigate the central neural mechanisms that produce the VVR (8) . Since there are no physical signs of neurogenically mediated VVR or VVS, diagnosis is usually based on history and a tilt test, in which subjects are passively tilted from a supine position to Ϸ20°from the spatial vertical (to a 70°position) on the tilt table and maintained in that orientation for 10 -15 min. Drops in BP and HR during this period presage a faint and confirm the diagnosis of VVS. The passive tilt continuously activates the vestibular otolith organs, the saccule and utricle, as well as body tilt receptors (8, 9) , which initiate a VVR in susceptible individuals.
BP and HR are complex signals comprised of multiple waveforms reflecting various processes acting on the cardiovascular system, such as respiration, exertion, diurnal cycles, and hormonal influences. Because the BP and HR waveforms are composed of many different frequencies that vary as a function of time, wavelet analysis is advantageous because it provides information about how each of these various components changes over time. The low-frequency components of BP signals (Ͻ0.25 Hz), below the respiratory rate, were discovered by Traube (1865; ref. 10) , confirmed by Hering (1869), and further studied by Mayer (11) . They were initially termed Traube-Hering-Mayer waves but are now typically referred to simply as Mayer waves. Despite 150 yr of study, the mechanisms underlying the genesis of Mayer waves remains unclear. These waves have been most frequently elicited by hypoxia and loss of blood, but they also occur in the natural state (12, 13) .
Oscillatory modulation of BP and HR in the frequency range below breathing, i.e., in the Mayer wave frequency range, could be of peripheral or central origin (11, 12, 14, 15) . The phenomenon could originate from blood circulation through the different vascular beds, which contribute to the systemic arterial blood pressure with different strengths. Alternatively, these frequencies could be induced by resonant activation of the baroreflex loop, which may be reflected in the activity of sympathetic neurons (16 -18) . For example, activation of renal sympathetic nerves by sinusoidal stimulation at a single frequency induces BP oscillations in the Mayer wave range in rabbits (13, 19) . Other studies, however, suggest that Mayer waves may originate in the central nervous system (ref. 20 ; see ref. 12 for review). Regardless, numerous models have posited a fundamental role for Mayer waves in stabilizing BP and HR (15, (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) , although their role in modulating both BP and HR remains unclear.
We have recently shown that sinusoidal galvanic vestibular stimulation (sGVS) at low frequencies (0.02-0.2 Hz) induces VVRs in anesthetized rats (8) . sGVS was introduced and has been used extensively by Macefield and colleagues (33) (34) (35) (36) (37) (38) (39) to activate muscle sympathetic nerves in the legs of humans. Applied binaurally at frequencies between 0.5 and 0.8 Hz, sGVS elicits muscle sympathetic nerve activity (MSNA) in the peroneal nerves of supine healthy human subjects. This neuronal activity results in constriction of the blood vessels in the legs, which would serve to prevent pooling of blood on standing. However, it is not known how the neural activity induced by sGVS is altered to produce VVRs.
Based on findings in anesthetized rats, we postulated that sGVS predominantly activates the otolith system, mimicking the effects of pure linear acceleration on the saccule and utricle (40, 41) . This finding is consistent with previous reports that sinusoidal otolith stimulation at low g levels can evoke sinusoidal oscillations in BP and HR (42, 43) . It is likely that this response is mediated by the vestibulosympathetic reflex (VSR), a pathway involving the vestibular nerve and nuclei that participates in sympathetic control. In fact, sGVS in rats activates neurons in the vestibular nuclei and presympathetic medullary regions that are important for cardiovascular functions (44) . However, it is not clear why sGVS produces MSNA in humans and VVRs in the rat. Moreover, the relationship between the neural pathways that generate VVRs and the ones responsible for the VSR is also not known. In view of these questions, the present study compared the effects of sGVS, tilt, and a specific otolith stimulus [translation while rotating (TWR)] on the oscillatory BP and HR responses reflecting Mayer wave activation and VVR generation (8) .
Using these stimuli, we tested the hypothesis that changes in linear acceleration in the x-z plane of the rat are sufficient to induce VVRs. We were also interested in determining whether VVRs in the rat were a viable small animal model of VVRs in humans, since no such small animal model currently exists.
MATERIALS AND METHODS
Adult male Long-Evans rats (Harlan Laboratories, South Easton, MA, USA) weighing 300 -400 g were used in these studies. The experiments and surgical procedures were approved by the Institutional Animal Care and Use Committee of the Mount Sinai School of Medicine (New York, NY, USA). The implantation of a BP measurement device and a head fixation mount were accomplished during the same aseptic surgical session (8, 44) . Operations were performed under isoflurane anesthesia (4% induction, 2% maintenance). Telemetric BP sensors (DSI, St. Paul, MN, USA) were implanted in the abdominal aorta through an incision in the groin. The femoral artery was isolated and clamped. A transducer catheter was inserted into this vessel via a small arteriotomy and advanced into the abdominal aorta. The catheter was secured with ties around the artery, and the body of the sensor was placed into a subcutaneous pocket in the flank. After recovery from anesthesia, animals were returned to their cages. Postsurgical pain was managed with buprenorphine (0.05 mg/kg BID, s.c.) for 3 d, and rats were available for experiments 7-10 d after the surgery. Behavioral changes were not evident after this procedure, indicating that there was adequate collateral circulation to the legs despite closure of the femoral artery. In other rats, changes in BP and HR were monitored using photoplethysmography (PPG). Input was derived from a clip attached to one of the paws. PPG gives an accurate measure of HR (44) and a reflection of changes in BP. However, BPs derived from the PPG can be estimated accurately if they are calibrated with an intra-aortic sensor. A complete description and verification of the value of PPG in determining HR is included in a previous report (44) .
sGVS
Subdermal needle electrodes were inserted under the skin behind the internal auditory meatus of each ear (8) . Currents of 3 mA were applied between the two ears at frequencies between 0.025 and 0.1 Hz. The stimulus consisted of sinusoidal oscillation given over ϳ5 min, with 15 min between consecutive stimuli.
Tilt
To investigate the effects of tilt, BP and HR were recorded while animals (anesthetized with isoflurane) were raised in pitch to positions from prone to nose up. The axis of rotation of the animals was 9 cm below and 5 cm behind the rats' hind paws, so that both the vertical semicircular canals and the otolith organs were stimulated by the elevations and depressions. BP and HR were recorded with PPG and/or an intra-aortic sensor and analyzed for transient and oscillatory modulations. In one set of experiments, 3 rats that were susceptible to activation of VVRs by sGVS were tested for the threshold of tilt that would produce a VVR. These rats were tilted from a prone position (0°) to 10, 30, 50, 60, 70, and 90°, in random order. Regardless of whether a VVR was induced, the animals were returned to the prone position for 15 min before receiving the next tilt. One additional animal was repeatedly tilted 90°nose up, nose down, left side down, and right side down in random order.
TWR
TWR was accomplished by moving rats, anesthetized with 0.6 mg/kg mixture of ketamine-xylazine-acepromazine (30-5-1 mg/kg), along a 184-cm linear sled that rotated about a central axis at 300°/s. The test was done in darkness, and rotation continued throughout the test. The animals were prone during the test, resulting in linear acceleration along the x-z plane. Rotation was initiated with the rats placed over the center of the sled, i.e., over the axis of rotation. At 1 min after the onset of rotation, when all semicircular canal responses had dissipated, the animals were moved sinusoidally at 0.025 Hz from one end of the sled to the other. The centripetal acceleration oscillated with an amplitude of 1.8 g. Because the frequency of the sinusoidal oscillation was so low, only minimal Coriolis forces were generated by the oscillations along the linear sled, and they could be neglected (45) . BP and HR were monitored with PPG throughout the test. Criteria for producing a VVR were similar to those utilized for sGVS and tilt.
Data analysis
Intra-aortic BPs recorded by telemetric sensor were collected using a wand receiver (DSI) placed in close proximity to the animals. BP data, as well as the position of each axis and GVS current level, were sampled at 1 kHz with 12-bit resolution (Data Translation, Inc., Marlborough, MA, USA). Signals derived from the intra-aortic sensor and PPG were used to analyze BP and compute HR (beats/min) from the systoles.
Wavelet transforms of the BP and HR obtained during sGVS, tilt, and TWR were utilized to assess the temporal changes of the signals for specific frequency bands. A complete description of this analysis is given in a previous publication (8) . We have developed an average power metric for wavelet functions that include frequency bands that encompass the Mayer wave range (0.015-0.24 Hz) when animals are tilted at angles of 10, 30, 50, 70, and 90°. The power of the signal having frequency components in the Mayer wave range was computed by squaring the signal reconstructed from components in the Mayer wave range right after the onset of the stimulus. Averaging was done over 10, 40, and 200 s to determine how the averaging period affected peak average power. The analysis was performed using Matlab and its implementation of the Daubechies function, db4, as the mother wavelet (Mathworks, Inc., Natick, MA, USA). Standard deviations of wavelet-filtered responses for each frequency band were computed in order to compare results of wavelet decomposition of different data sets (46) .
RESULTS

VVRs from sGVS
BP and HR responses to sGVS at low frequencies (Fig. 1A, B) in the anesthetized rat consisted of a transient response, characterized by an initial drop in HR and BP and a period of slow recovery that lasted several minutes. Using wavelet analysis, the responses were observed in bands that contained the transient response (Fig. 1C, band 12 ), the frequency of stimulation (Fig. 1D , band 11), as well as twice (Fig. 1E , band 10), 4 times (Fig. 1F , band 9), and 8 times (Fig. 1G , band 8) the frequency of stimulation. sGVS induced an increase in activity in all frequency bands. The maximal activity of the low-frequency oscillations (Mayer waves) induced by activation at 0.025 Hz was in the band that contained twice the frequency of stimulation (Fig. 1E) . Such double oscillations were commonly elicited for sGVS frequencies Ͻ 0.1 Hz (8) .
Based on these data, we hypothesized that VVRs are the outcome of strong and/or repeated stimulation of the VSR. To test this, anesthetized rats were repeatedly stimulated with single sinusoids (Fig. 2) . Initially, the single sinusoids triggered increases in BP (Fig. 2, trace  1) . As stimulation was repeated at 2-min intervals, the stimulus-induced elevation in BP was reduced (Fig. 2,  traces 2, 3) . The fourth and fifth repetitions of the stimulus produced prolonged drops in BP, characteristic of VVRs. Several minutes later, after the BP had returned to baseline, single sinusoids again produced stable increases in BP (Fig. 2, traces 6 -10 ). This finding demonstrates that VVRs are a natural outcome of activation of the VSR. These data also show that following a VVR, responses to vestibular stimuli through the VSR are stabilized, suggesting that VVRs and syncope are restorative phenomena that stabilize the cardiovascular system's response to vestibulosympathetic activation.
VVRs from tilt
Since VVRs in humans are diagnosed using a tilt test, it was of interest to know whether rats had a threshold for susceptibility to induction of VVRs by tilt. Three rats were placed in a prone position on a horizontal platform and were tilted to angles between 10 and 90°F (spatial vertical) while HR was recorded using PPG (Fig. 3) . Elevations of 10 -60°caused slight increases in HR that slowly attenuated over several minutes after the tilt. One animal had a VVR when tilted 70° (Fig. 3A , blue trace), while all three animals had clear VVRs induced by 90°tilt (Fig. 3, red traces) . Thus, the threshold for induction of VVRs in these rats was between 70 and 90°of tilt, which is a change in the direction of the equivalent linear acceleration of gravity (1.0 g) from being through the top of the head to being along the naso-occipital axis. Side-down and nose-down tilts did not produce significant changes in HR and/or BP.
VVRs from sGVS and tilt
The relative incidence of susceptibility to VVRs elicited by tilt and by sGVS was determined in a random sample of 14 naive rats using PPG. Six of these subjects (40%) had VVRs induced by sGVS, and 6 (40%) had VVRs induced by 70°tilt. Five animals belonged to both groups, an overlap of 80%. Thus, a relatively high percentage (40%) of anesthetized rats were susceptible to VVR elicited by either sGVS or tilt, with a significant overlap in susceptibility to VVRs from either stimulus. This finding supports the hypothesis that low-frequency sGVS activates the otoliths, as do tilts, and that either stimulus can excite the mechanism that produces VVRs.
Relationship of VVRs during tilt to Mayer waves
It has been suggested that a close association exists between the initiation of VVRs in human fainters and BP oscillations in the Mayer wave frequency range (33) . This possibility was explored by determining whether tilts in the susceptible rats, i.e., rats that had developed VVRs from tilt, were associated with significant changes in the amplitude of BP oscillations in the Mayer wave range, comparable to those induced by sGVS. A typical VVR induced by a 90°tilt (Fig. 4A ; BP, left panel; HR, right panel) analyzed with a wavelet transform was composed of a transient response that slowly recovered (Fig. 4C) , and large oscillations in the Mayer wave range (Fig. 4D-G ) similar to those induced by sGVS (Fig. 1) . The frequency band 0 -0.015 Hz (Fig. 4C) contained the transient response, which had its lowest value at Ϸ60 s after the tilt and slowly recovered over Ϸ8 min. There were also slow oscillations from 0.015-0.06 Hz during the time of the transient response (Fig.  4D, E) . In contrast to the continuous oscillation at low frequency induced by sGVS, responses to tilt occurred only when the animals were initially tilted and when they were returned to the prone position; that is, only when the rats experienced linear acceleration.
In some experiments, the tilts ended while the transient response was still recovering (Fig. 5) . When this occurred, both BP and HR ( Fig. 5A ; BP, left panel; HR, right panel) rapidly returned toward baseline. While in the past Mayer waves have been associated with BP, these results demonstrate that there are changes in both BP and HR during VVRs. A more complete analysis of the relationship between the Mayer wave oscillations in BP and the oscillations in HR, however, is beyond the scope of this study. Low-frequency oscillations in the Mayer wave range were prominent only during the times when the animal was tilted either to the nose-up position or back to the prone position (Figs. 4 and 5) . Thus, VVRs and Mayer wave modulations were induced when there was a change in equivalent acceleration of gravity (1 g) in the x-z plane of the head from being along the top of the head to being along the nose. That is, whenever the animal experienced linear acceleration, either at the beginning or the end of a tilt, an increase was found in Mayer wave amplitude, although VVRs were only induced when animals went from prone to upright, and not the reverse. This supports the finding that an ϳ1-g change in linear acceleration in the x-z plane of the head, which produces a tilt of the gravitoinertial acceleration (GIA) vector sensed by the otoliths, is the threshold for production of VVRs in the rat.
Consistent with this, the average power of the waveforms obtained by adding the component functions in the Mayer wave range increased sharply for tilts greater than ϳ70°for all rats and averaging times (Fig. 6) . Differences were found, however, when averaging was done for 10-s (Fig. 6 , squares), 40 s (Fig. 6, circles) , and 200 s (Fig. 6, triangles) following tilts. The greatest power occurred when the averaging was done for 10 s, the shortest time. These data indicate that the central vestibulosympathetic trigger mechanism for initiating a VVR may utilize a short time period for computing whether the composite waveform representing the Mayer waves is oscillating within a stable range trigger period (Fig. 6) . In other susceptible animals, the trigger period could be long, extending to 200 s (Fig. 6A) . How the trigger period is set is not known. However, we have recently developed a preliminary model in which the vestibular system sets the threshold of a relaxation oscillator that generates systoles and diastoles of blood pressure (unpublished results). All animals required a large tilt or change in linear acceleration (70°) to initiate a VVR, but no significant increase in power was found in the Mayer wave frequency range for tilts up to 70°. This indicates that the normal operation of the VSR over a tilt range of 0 -70°is not reflected in increased Mayer wave activity, but when the Mayer wave activity becomes larger for greater tilt angles, the likelihood of a VVR is higher.
Responses to tilts generated by TWR
TWR was utilized to determine whether tilting the GIA vector had similar effects to tilting the animal. TWR can induce large linear accelerations in the x-z plane of the body at low frequencies and in a limited space. These tilts of the GIA are produced by combining the linear acceleration induced by the centripetal accelerations of the rotating sled with the linear acceleration of gravity. In one animal, only a transient increase in BP was induced by the increase in linear accleration, but no VVR was produced, suggesting that this animal was not susceptible. Accordingly, sGVS infrequently induced VVRs in this rat. In another animal, however, TWR elicited oscillations in HR in the Mayer wave frequency range and the induction of a typical VVR (Fig. 7) . The characteristics of the VVRs induced by TWR were similar to those of VVRs elicited by sGVS. The magnitude of changes in each frequency band, however, was larger than that induced by 90°nose-up tilt. We postulated that this finding was due to the increase in magnitude of the GIA, i.e., that the magnitude of changes in Mayer waves might be related to the magnitude of changes in linear acceleration and tilt (1 g in Fig. 4 vs. 3.6 g in Fig. 7 ).
Comparison of responses in the Mayer wave range from various stimuli
To compare the BP responses for tilts and TWR, the variations in the sequence of wavelet coefficients were analyzed for each band for the various stimulus conditions. Since the wavelet coefficients for each frequency band are a filtered and down-sampled time function of BP ( Fig. 7 and ref. 47) , the standard deviation of the wavelet coefficients associated with each frequency band (bands 1-12; ref. 46 ) is a representation of the energy in that frequency band after filtering and downsampling of the BP signal (Fig. 8A) . This analysis In all 3 rats, the maximum average power occurred when the averaging was 10 s (shortest time) and for tilts Ͼ70°. In all instances, the blood pressure was estimated from the PPG.
showed virtually no responses for frequency bands 0 -7 either for tilt or TWR (Fig. 8A) . The slight deviation of the data from 0 in band 6 reflected the heart rate. The standard deviation for both tilt and TWR rose dramatically in frequency bands 8 -12 (0.008 -0.24 Hz), which contained the Mayer wave frequency range (Fig. 8A) . The significant differences between tilt and TWR were also in these low-frequency bands. Since TWR generates a higher magnitude of the GIA than tilt, TWR data were normalized to 1 g to test the hypothesis that the occurrence of Mayer waves was related to the amplitude of the linear acceleration (Fig. 8B) . The normalized data overlapped across the entire Mayer wave band, indicating that the changes in energy in the Mayer wave region were related to both the orientation and magnitude of the changes in linear acceleration relative to the head. Data from sGVS (Fig. 8B , black symbols) at 0.025 Hz, 3 mA overlaid the data from static tilt and the normalized TWR, further supporting the idea that sGVS at this low frequency had activated orientation specific otolith neurons.
DISCUSSION
One goal of this study was to determine whether VVRs induced by sGVS in rats are a useful model to study the dynamics of VVRs in humans. A second goal was to elucidate the processes that may be responsible for induction of VVRs. With regard to the first, many similarities exist between VVRs induced in rats and in humans. Although the rat appears to be a good small animal model in which to study the human VVR, some differences remain. First, the rats were anesthetized, whereas VVRs and VVS occur in alert humans. It is not known at present whether a similar incidence of VVRs would occur in alert rats in response to either sGVS or tilt stimuli. In fact, rats may be less sensitive to activation of the sympathetic system when they are alert than when they are under anesthesia (50, 51) . Abundant literature supports the ability of humans to suppress sensory input and reflexes consciously, since these techniques are fundamental to yoga, zen, meditation, some forms of prayer, behavioral training, and various biofeedback techniques (52, 53) . This finding raises the interesting possibility that the appearance of VVRs and syncope in susceptible individuals may be related to their inability to suppress the reflex mechanism that transitions BP and HR responses to otolith or other sympathetic stimuli into a VVR and syncope.
Furthermore, VVRs and VVS can be induced in humans in many ways that do not overtly appear to involve the vestibular system, including the sight of blood, venipuncture, disturbing personal situations, micturition, extended Valsalva maneuvers, etc. Regardless of the mode of induction of a VVR, it is reasonable to assume that the major site of upstream neural activation is the rostral ventrolateral medullary region, which contains the presympathetic neurons that innervate the intermediolateral cell column of the spinal cord (54) . Another difference is that VVRs in the rat occur at or near the time of the tilt, whereas VVRs in humans frequently occur with some delay following the onset of tilt. This is not likely to be a significant limitation of this experimental model, since the onset of the VVR was also delayed in some of the rats. Aside from this longer latency, no other differences were observed in the rat VVRs, suggesting that the latency difference is not a significant parameter.
Currently, no experimental model exists in which to study VVRs, and the underlying central presympathetic processes that induce VVRs and syncope are not known. Thus, while induction of VVRs in the anesthetized rat model differs in some specific and known respects from that in humans, the central processing appears to be the same. Moreover, the ability to generate VVRs consistently and reliably in susceptible animals offers the unique possibility of studying the neural processes that lead to VVRs, which is not feasible in patients who have syncope at widely dispersed intervals. Understanding the vestibular coupling to this pathway would elucidate its neural organization and provide a theoretical basis for the generation of VVS from a wide range of modalities. Therefore, we conclude that the rat model is a useful tool with which to investigate the basic mechanisms that underlie VVRs and syncope.
The present study addressed the mechanisms involved in production of VVRs using sGVS, tilts, and TWR. One embedded question in this research concerns the nature of the neural activation resulting from sGVS. GVS activates all elements in the vestibular nerve, i.e., both canal and otolith inputs (55, 56) , as well as both canal and otolith units in the vestibular nuclei (57) . Neurons in the lateral canal system are then inhibited, and only those related to the otolith system continue to be active (44) . Thus, the main input to the VSR is likely to be derived predominantly from the central otolith system (40, 41) , through the caudal descending and medial vestibular nuclei (44) . It is clear that vestibular input was activated by sGVS, as well as by tilt and TWR, and the consistency of our results across stimulation paradigms reinforces the suggestion that these stimuli primarily activate central otolith-related pathways.
Linear acceleration and Mayer waves
This study has shown that the vestibular system in the rat has a profound effect on coupling to the Mayer waves, which are oscillations in BP that stabilize the cardiovascular system (11, 12) . Susceptible animals had VVRs when they were tilted relative to gravity, and when their bodies remained stationary but the GIA vector was tilted by linear acceleration in the x-z plane during TWR. Linear accelerations of Ϯ 1.8 g in the x-z plane while rotating caused the GIA vector to tilt ϳ60°, producing similar results to those obtained when the animal itself was tilted.
It has been postulated that increases in the amplitude of Mayer waves are a precursor of VVR and fainting (33) . Aside from hypoxia and blood loss (12, 13) , the specific stimuli that generate increased Mayer wave activity have not been clearly identified. Here we demonstrate that the increased energy in the Mayer wave range is related to the linear accelerations of Ն1 g sensed by the otolith organs. To our knowledge, this is the first demonstration of the close association between the amplitude of Mayer waves and large linear accelerations that tilt the GIA vector relative to the head. The trigger mechanism for VVRs from increases in amplitude of Mayer waves needs further exploration, but the present study suggests a threshold level of linear acceleration along the x-z plane that is likely to be needed to activate a VVR. Data in Fig. 8 indicate that integration of activity that triggered a VVR was generally close to the onset of the increase in amplitude of the Mayer waves. This may not be a general requirement, however, because the onset of the VVR was delayed in some rats and in many humans during tilt testing.
sGVS, VVRs, and the VSR: are VVRs a disease?
The calibration of Mayer waves with regard to linear acceleration provided a means to assess the functional significance of sGVS. That is, the level of activation of the Mayer waves induced by 3 mA, 0.025 Hz sGVS was comparable to the activation of Mayer waves induced by 1 g of linear acceleration (Fig. 8) . This finding suggests that sGVS was interpreted by the brain as a 1-g oscillating stimulus. The internal calibration from the amplitude of Mayer waves provides a strong justification for the use of sGVS to explore the VSR, which in a normal population causes modulations in MSNA in the Mayer wave range. When the system is heavily stimulated, it generates large-amplitude Mayer waves, inducing VVRs and VVS in susceptible subjects. Support for this comes from the many studies of the functional meaning of sGVS that have been conducted in humans (34 -39) . These show that such stimuli activate the VSR to produce MSNA in the legs at frequencies that are similar to those determined in rats (8) . Together, studies in humans and anesthetized rats now provide a substantial body of data indicating that sGVS activates the normal VSR to maintain BP during changes in head position relative to gravity, and that the VSR can generate VVRs and VVS when the stimulus is sufficiently strong, i.e., when an adequate amplitude of Mayer waves is generated. Thus, in agreement with the suggestion of Alboni et al. (4) , we conclude that VVRs are a natural outcome of activation of the VSR, which can stabilize and recalibrate the cardiovascular system to its normal state after extreme stress, and that VVRs and VVS are not a disease.
